The identification of the fundamental role of apoptosis in the growth balance and normal homeostasis against cell proliferation led to the recognition of its loss contributing to tumorigenesis. The mechanistic significance of reinstating apoptosis signaling towards selective targeting of malignant cells heavily exploits the caspase family of death-inducing molecules as a powerful therapeutic platform for the development of potent anticancer strategies. Some apoptosis inhibitors induce caspase expression and activity in preclinical models and clinical trials by targeting both the intrinsic and extrinsic apoptotic pathways and restoring the apoptotic capacity in human tumors. Furthermore, up-regulation of caspases emerges as a sensitizing mechanism for tumors exhibiting therapeutic resistance to radiation and adjuvant chemotherapy. This review provides a comprehensive discussion of the functional involvement of caspases in apoptosis control and the current understanding of reactivating caspase-mediated apoptosis signaling towards effective therapeutic modalities in cancer treatment.
Introduction
Advances in targeted therapy for prostate cancer have resulted in the highest cancer survival rates among men (Siegel et al. , 2012 ) . Management of patients with localized prostate cancer with radical prostatectomy, radiation therapy and androgen deprivation therapy has met with partial success. A subset of patients refractory to androgen deprivation therapy will progress to castrationresistant prostate cancer (CRPC). Mechanisms implicated with progression to CRPC include extra-gonadal androgen synthesis (intra-tumoral, adrenal and peritumor adipose production) and modulation of several cell survival signaling axes (reviewed in Shore et al. , 2012 ) . Novel microtubule-targeting agents and androgen synthesis/ signaling axis inhibitors, combined with the emergence of immunotherapy, may prove useful in the treatment of these advanced stage tumors (Sartor and Fitzpatrick , 2012 ) . Although the investigation of candidate targets to prevent metastatic progression has provided valuable insights into the phenomenon of anoikis resistance, there is no treatment for metastatic prostate cancer that effectively increases survival (Sakamoto and Kyprianou , 2010 ; Hensley and Kyprianou , 2012 ) .
At the dawn of 2013, it is clear that a ' cure for cancer ' may be an abstract concept, with each tissue-specific tumor necessitating a unique therapeutic regimen to compliment the respective genetic and cell signaling pathways involved in tumorigenesis. However, a promising study by the Cancer Genome Atlas Network has identified common genetic mutations between tumors previously considered unrelated (Cancer Genome Atlas Network 2012 ). Therapeutic resistance creates an inherent need to target a more universal pathway shared by all solid tumors and hematopoietic malignancies. Reinstating apoptosis programming in malignant cells leads to selective tumor cell killing, and caspases as primary inducers of apoptosis provide an ideal platform from which to develop effective therapeutic strategies in human cancer. This review provides a comprehensive discussion of the physiological and oncogenic role of caspases and the current treatment modalities aimed at caspase-induced cell death.
Mechanisms of apoptosis
The intrinsic ability for genetically transformed cells to survive and proliferate despite the lack of growth stimuli, contact inhibition, anchorage dependence or immunoregulatory mechanisms has proven fundamental to our understanding of oncogenesis (Hanahan and Weinberg , 2011) . In contrast to other cell death mechanisms, such as necrosis or cell-mediated cytotoxicity, apoptotic cells preserve the cellular milieu by maintaining the integrity of the plasma membrane, preventing inflammatory destruction of the surrounding tissue (Mu ñ oz-Pinedo, 2012 ). The ability for cancer cells to overcome abundant pro-apoptotic signals provided by the tumor microenvironment establishes apoptosis as a critical target for cancer chemotherapeutics (McKenzie and Kyprianou , 2006 ; Rennebeck et al. , 2005 ; Sakamoto and Kyprianou , 2010 ) . In addition to cancer, deregulation of apoptotic signaling contributes to the development of other human diseases, including neurological, cardiovascular and autoimmune diseases (Favaloro et al. , 2012 ) .
Caspase structure and function
The term ' c-asp-ase ' is derived from the cysteine-dependent aspartate-specific protease activity shared by each of the members that catalyze cleavage at aspartate residues of target proteins via high-affinity cysteine residues (Alnemri et al. , 1996 ) . Protein cleavage by nucleophilic cysteine residues is a well conserved mechanism among proteases, but the specific affinity for aspartate is unique to caspases (Salvesen and Riedl , 2008 ) . Inactivated caspases are in the quiescent zymogen procaspase form and activation of either of two pathways leads to cleavage (activation) and signal transduction. In vitro , apical caspases can be activated by dimerization, while the executioner caspases require proteolytic cleavage (Fuentes -Prior and Salvesen, 2004 ) . These upstream caspases are similarly activated in vivo though density-dependent association with activation complexes, leading to conformational change and cleavage. Downstream caspases can only be activated by proteolytic cleavage of pro-domains by activated upstream caspases (Favaloro et al. , 2012 ) . Activated caspases result in intracellular proteolysis of cytoskeletal components and proteins vital for organelle integrity towards cell execution (apoptosis). The two main pathways signaling the execution of apoptosis are the extrinsic (death receptor-mediated) and intrinsic (mitochondrial) pathways (Figure 1 ) .
The extrinsic pathway is activated upon binding of a ligand to transmembrane death receptors belonging to the tumor necrosis factor (TNF) superfamily. Ligands involved in both inflammatory and cell death processes capable of extrinsic induction include TNF-α , Fas ligand (CD95L) and TNF-related apoptosis-inducing ligand (TRAIL). Upon ligand binding, death receptors undergo a conformational change, increasing affinity for intracellular adapter proteins and creating a receptor -protein complex, the death initiation signaling complex (DISC) (Zhang et al., 1999a) . The key DISC components are the initiator procaspases 8 and 10, which become activated though trans-and self-cleavage events. These initiator caspases cleave downstream effector caspases 3, 6 and 7 (Fiandalo and Kyprianou , 2012 ) .
The intrinsic apoptosis cascade is initiated with the mitochondrial release of cytochrome c resulting from changes in mitochondrial outer membrane permeabilization in response to various cell stressors, including hypoxia (antiangiogenic therapy), reactive oxygen species (radiation therapy) or a paucity of available growth factors (Ocker and H ö pfner, 2012 ) . Permeabilization is increased with diminished membrane potential ( Δ ψ m ) and ATP production. Intracellular stress activates proapoptotic B cell lymphoma 2 (Bcl2) family members Bad and Bim. These proteins function to inhibit antiapoptotic family members Bcl-2, Bcl-xL and Puma/Noxa, allowing Bax and Bak to dimerize and translocate to the mitochondrial outer membrane, causing the release of mitochondrial contents including cytochrome c (Ocker and H ö pfner, 2012 ) . Cytosolic Apaf-1 oligomerizes upon release of cytochrome c and recruits caspase 9, the apical caspase of the intrinsic pathway. The complex of Apaf-1, cytochrome c and caspase 9 is known as the apoptosome (Salvesen and Riedl , 2008 ) . The functional redundancy between the intrinsic and extrinsic pathways is clearly illustrated by caspase 8 activation of the BH3-only protein Bid. Bid activates Bax and Bak, which are located on the mitochondrial membrane, to trigger the release of cytochrome c (Scaffidi et al. , 1998 ) . Cells undergoing apoptosis ensure an anti-inflammatory response by the phagocytosing cell, resulting in the quiescent removal of dead and dying cells (Martin et al. , 2012 ) . Specific ' inflammatory caspases ' belong to the caspase 1 family and are expressed in hematopoietic lineages (Schroder and Tschopp , 2012 ) . Caspases play a critical role in normal tissue homeostasis, primarily during patterning and tissue specialization throughout embryonic development as primitive tissues become replaced by differentiated, functionally-distinct tissue (Fuchs and Steller , 2011 ) . Aberrant activation of caspases has been implicated in a number of conditions, including autoimmunity, transplant rejection and heart failure (Ocker and H ö pfner, 2012 ) . Manipulating caspase signaling has a therapeutic benefit on diverse diseases, such as cardiovascular, autoimmune and infectious disease (Favaloro et al. , 2012 ) .
Inhibitors of apoptosis
Inhibitors of apoptosis (IAP) comprise a family of intracellular proteins involved in dampening the caspase cascade. Eight members have been identified in the IAP family but only two, X-linked IAP (XIAP) and survivin, have the ability to directly inhibit caspases (Tamm et al. , 1998 ; Salvesen and Duckett , 2002 ) . XIAP negatively regulates caspases by competing for distinct binding domains. Binding to caspases 3 and 7 in their dimeric form sterically hinders the catalytic site, rendering the proteolytic activity of these effector caspases nonfunctional. Alternatively, when XIAP binds caspase 9, a cleavage event ultimately inhibits this initiator caspase. Survivin can directly inhibit caspase function and will be specifically discussed as a therapeutic target.
Novel caspase-targeting compounds

Derivatives of Justicia procumbens
The plant Justicia procumbens is a traditional Chinese herbal remedy for the treatment of fever, pharyngeal Ligand binding to death receptors (extrinsic pathway) results in death initiation signaling complex activation and signaling through initiator caspase 8. Numerous external signals cause the cytochrome c release from mitochondria (intrinsic pathway), resulting in apoptosome formation and signaling through initiator caspase 9. Initiator caspases amplify the apoptotic signal via cleavage of downstream, effector caspases that induce irreversible damage to DNA and vital cellular machinery. Apoptin ' s subcellular localization might be driven by its phosphorylation status. Once in the nucleus, apoptin binds to several protein partners and DNA through a highly inconsistent secondary and tertiary structure. Novel therapeutic compounds, such as shepheridin, LY2181308 (an antisense oligonucleotide), EM-1421, and YM155, exhibit anti-tumor therapeutic efficacy in the clinical management of cancer patients by directly targeting survivin and/or inducing caspase expression and activity, ultimately resulting in apoptosis mediated via both intrinsic and extrinsic apoptotic pathways.
swelling and cancer; with whole-plant extract showing initial antitumor efficacy in lymphocytic leukemia and nasopharyngeal carcinoma (Fukamiya and Lee , 1986 ) . Justicin has cytotoxic effects in a number of in vivo cancer models (He et al. , 2012 ) . A derivative, justicidin A, induces apoptosis in hepatocellular carcinoma via the activation of both intrinsic and extrinsic apoptosis pathways (Su et al. , 2006 ) . Through activation of caspase 8, justicidin A increases intracellular Bid, which modulates Δ ψ m , causing the release of cytochrome c; but decreases (antiapoptotic) BCL-x L . Mitochondrial release of Smac/DIABLO activates caspases 9 and 3 to initiate the intrinsic pathway.
A novel compound from J. procumbens , 6 ' -hydroxy justicidin A (JR6), has promising apoptosis-induction efficacy in human bladder cancer cells (He et al. , 2012 ) . This compound shares a common molecular nucleus with the lead antitumor drug podophyllotoxin, a tubulin destabilizing agent that targets tumor vascularity . JR6 induces apoptosis via Δ ψ m modulation and the creation of reactive oxygen species, resulting in caspase activation. Furthermore, JR6 decreases the activity of superoxide dismutase, increasing susceptibility to reactive oxygen species-mediated peroxidation injury.
Re-instating the expression and activation of caspase-8 in cancer therapy
Epigenetic regulation
Cleavage of circulating procaspases is the principal regulatory mechanism in apoptosis induction, although loss of caspase expression has been demonstrated in human cancers including neuroblastomas and small cell carcinomas (Teitz et al. , 2000 ; Shivapurkar et al. , 2002 ) . Silencing caspase 8 in neuroblastomas occurs via CpG hypermethylation in the 5 ′ promoter region, as well as loss of heterozygosity allelic deletion. Homozygous deletion of caspase 8 is a factor contributing to the malignant potential of NCI-H82 cells, a small cell lung cancer model (Kohno et al. , 1994 ) . This recognition fueled additional studies that established a loss of caspase 8 expression in 27 out of 34 small cell carcinoma cell lines, with normal caspase 8 expression in 22 out of 22 non-small cell carcinoma cell lines (Shivapurkar et al. , 2002 ) . Moreover, functional loss of caspase 8 has been linked to therapeutic resistance to the death-receptor ligands TNF α , TRAIL and CD95 (Fulda et al. , 2001 ). Thus, targeting caspase 8 expression may lead to a significant therapeutic effect, especially in tumors suffering from a gene dosage effect or hypermethylation of caspase 8 promoters. In this context, 5-aza-2 ′ deoxycytidine (decitabine) is a cytosine nucleoside analog that promotes demethylation by inhibiting DNA methyltransferase covalent binding. This compound increases caspase 8 promoter availability, allowing for the binding of SP1 and E-twenty six (ETS)-like transcription factors (Liedtke et al. , 2005 ; Fulda, 2006) . Decitabine-mediated restoration of caspase 8 has been demonstrated in breast cancer, neuroblastoma, medulloblastoma, Ewing ' s sarcoma, lung carcinoma and gastric carcinoma (Hopkins -Donaldson et al., 2000 ; Eggert et al. , 2001 ; Fulda et al. , 2001 ; Grotzer et al. , 2000 ; Wu et al. , 2010 ; Geiger et al. , 2012 ; Wang et al. , 2012 ) . Work pursuing a definitive caspase 8 promoter revealed that decitabine-mediated up-regulation occurs through genomewide demethylation which up-regulates the expression of transactivators, rather than caspase 8 promoter-specific demethylation (Banelli et al. , 2002 ) . The parent compound, 5-azacytidine (azacytidine), incorporates into DNA with greater efficacy in the treatment of hematopoietic malignancies. Azacitidine induces differentiation in immature blasts (Taylor and Jones , 1982 ; Kaminskas et al. , 2005 ) and is the only hypomethylating agent to prolong survival in high risk myelodysplastic syndromes (Fenaux et al. , 2009 ; Lyons , 2012 ) .
The emerging generation of histone deacetylase inhibitors provides an effective method for the therapeutic manipulation of caspases. By insuring adequate acetylation and transcriptional availability of the caspase 3 promoter, histone deacetylase inhibitors activate apoptosis and increase sensitization to TRAIL-, radiation-and chemotherapeutic-induced apoptosis in human cancer cells, including prostate, lung, Ewing ' s sarcoma and medulloblastoma (Sonnemann et al. , 2006a (Sonnemann et al. , ,b, 2007 . A balance of promoter and coding DNA methylation maintains a homeostatic balance of transcriptional activity, since both hyper-and hypomethylation have been associated with oncogenesis (reviewed in Herman and Baylin , 2003 ; Ehrlich , 2009 ).
Interferon-γ
Interferon-γ (IFN-γ ) has distinct molecular properties from other members of the interferon family, including differences in receptor affinity and tissue expression (Zaidi and Merlino , 2011 ) . Loss of the IFN-γ signaling axis via a dominant negative INF-γ R1 enhanced tumorigenesis in mice exposed to carcinogens, identifying the role of INF-γ in surveillance and tumor cell immunogenicity. Similar to caspase 8 expression, approximately 30% of melanoma and lung cancer cell lines harbor inactivating mutations in the IFN-γ signaling pathway (Kaplan et al. , ized in a variety of solid and liquid tumor cell lines (Wiley et al. , 1995 ; Zhang et al. , 1999a ; Mitsiades et al. , 2001 ) . IFN-γ is capable of sensitizing caspase 8-deficient neuroblastoma, medulloblastoma, and Ewing ' s sarcoma cells to apoptosis induced by death-receptor ligand, cytotoxic drugs and radiotherapy in vitro (Fulda and Debatin , 2002 ; Tekautz et al. , 2006 ) . N-myc amplification and caspase 8 down-regulation in neuroblastoma is associated with TRAIL resistance and poor prognosis (Eggert et al. , 2001 ) . Reconstitution of caspase 8 expression sensitizes neuroblastoma cells to TRAIL-mediated apoptosis, but a subset of cells with diminished TRAIL receptor (TR1/TR2) expression remain insensitive. Therapeutic regimens including IFN-γ aimed at increasing caspase 8 and TR expression have been effective in restoring apoptotic potential in cells previously insensitive when treated with death-receptor ligand (Yang et al. , 2003 ) . Sensitization in caspase 8 hypermethylated cell lines can occur through an epigenetic-independent mechanism (Fulda and Debatin , 2002 ) . This may occur through a signal transducers and activators of transcription (STAT)-dependent pathway, by which INF-γ transcriptionally up-regulates molecules involved in apoptosis (Darnell et al. , 1994 ; Ruiz -Ruiz et al., 2000 ) . IFN-γ -mediated up-regulation of caspase 8 occurs by interferon-sensitive response elements located within the c aspase 8 promoter. IFN-γ signaling results in phosphorylation of the intracellular kinases JAK-1/2, which subsequently phosphorylate and activate the transcription factor STAT-1. Homodimerization and nuclear localization of STAT-1 molecules results in the transcriptional modulation of interferon target genes at interferon-sensitive response elements (Casciano et al. , 2004 ) . Amplification of IFN-γ /STAT-1 signaling occurs via STAT-1 activation of interferon regulatory factor-1, a transactivator involved in the activation of additional IFN-γ responsive genes (Storm van ' s Gravesande et al., 2002 ; Ruiz -Ruiz et al., 2004 ) , and exposure of cells to IFN-γ results in increased signaling via up-regulation of interferon regulatory factor-1 and phosphoSTAT-1 (Casciano et al. , 2004 ) . The demethylating ability of decitabine and transcriptional activation by IFN-γ at the caspase 8 promoter increases caspase 8 expression and sensitizes cells to TRAIL-mediated apoptosis in neuroblastoma cells intrinsically lacking caspase 8 (Fulda and Debatin , 2006 ) . Additionally, the expression of IFN-γ in tumor infiltrating T cells plays a critical role in bolstering the immune surveillance of oncogenically-transformed cells (Ye et al. , 1995 ) . Another STATdependent member of the interferon family, IFN-α , has significant antiviral therapeutic effect against hepatitis B and C. Caspase 8 induction sensitizes hepatocellular carcinoma cells to apoptosis upon TRAIL and IFN-α treatment (Liedtke et al. , 2006 ) .
Retinoic acid
Retinoids are vitamin A derivatives capable of inducing cellular differentiation in two pediatric tumors (reviewed in Masetti et al. , 2012 ) . Expression of the gene fusion product creating the retinoic acid receptor-α (t(15:17); PML/RAR-α ) is involved in promyelocytic leukemia. All-trans retinoic acid (RA) induces differentiation of immature blasts and is capable of inducing nearly 90% remission. Retinoid signaling proceeds via binding of RA to the RAR to form a heterodimer with the retinoid X receptor, which acts as a transcription factor at RA response elements (RAREs; Jiang et al. , 2008 ) . RAREs are generally located in RA target gene promoters but can also be found in both introns and exons up-or downstream of these promoters (Jiang et al. , 2005 ) . RA induces differentiation, inhibits cell proliferation and results in decreased expression of N-myc in neuroblastoma cells (Thiele et al. , 1985 ; Redfern et al. , 1995 ; Matsuo and Thiele , 1998 ) . RA also induces paracrine release of TRAIL in promyelocytic leukemia cells and up-regulates caspase 8 in neuroblastoma, medulloblastoma and small cell lung cancer cell lines (Ghobrial et al. , 2005 ) . This induction, consistent among treatment with RA and the RA derivatives 13-cis RA, 9-cis RA and 4HPR (fenretinide), occurs by up-regulation of phospho-CREB, which associates with the intronic regulatory elements of caspase 8 . Induced, expression of caspase 8 sensitizes these cancer cells to TNF-α and other chemotherapeutics (Jiang et al. , 2008 ) . Increased CREB phosphorylation is independent of retinoic acid receptor (RAR) association with RAREs (Aggarwal et al. , 2006 ; Kim et al. , 2007 ) .
Chemically-induced apoptosis: death switches
A ' death-switch ' has been employed by MacCorkle and colleagues to synthetically activate caspases selectively in cancer cells. This death switch approach utilizes a vector that is non-deleterious and quiescent in the uninduced state, but has the capability to trigger cell death (chemically-induced apoptosis) independent of tissue type when induced. Chimeric, conditional alleles of both caspase 1 and caspase 3 with an inducible amino terminal dimerization domain were engineered. Induction with a lipid-permeable chemical inducer of dimerization (CID, a FK06 analog) caused caspase dimerization and autolytic cleavage of zymogen to active protease, initiating the caspase cascade with caspase 1 and 3 vectors causing apoptosis in targeted cells.
Initial studies in which caspase 1 and caspase 3 replication-deficient adenoviral vectors were transduced into prostate tumors revealed focal extensive apoptosis devoid of cytotoxic damage to surrounding tissue with a reduction of tumor growth (Shariat et al. , 2001 ) . Furthermore, Xie et al. utilized a prostate-specific promoter, ARR 2 PB, to drive the expression of inducible caspase 9 in an adenoviral vector (ADV.ARR 2 PB-iCasp9). This synthetic prostate-specific promoter contains two androgen response regions situated upstream of the rat probasin promoter (Hensley and Kyprianou, 2011) . High levels of intra-prostatic androgens drive the expression of inducible caspase 9 , and subsequent activation with a CID resulted in significant apoptosis in prostate cancer xenografts (Xie et al. , 2001 ) . Initial contributions to the generation of chemical dimerization compounds (Clackson et al. , 1998 ) and death-receptor ligands (Ogasawara et al. , 1995 ; Beltinger et al. , 1999 ) require further expansion.
Apoptin
Chicken embryos become increasingly susceptible to chicken anemia virus (CAV) as gestation progresses. CAV shows tropism for hematopoietic lineages and causes anemia and thrombocytopenia, leading to hemorrhage and death. However, the protective capacity of CAV in a specific viral-derived tumor in chickens has implicated its therapeutic potential in patients (Natesan et al. , 2006 ) . CAV has a single-stranded DNA genome and its structure and function are elegantly reviewed in Los et al. , 2009 . One of the proteins encoded by this polycistronic gene, VP3 or apoptin, contributes to the apoptosis-induction ability of CAV. Apoptin induces apoptosis in human cancer cells, in a tumor-cell specific action, without affecting the survival of adjacent normal tissue (Tavassoli et al. , 2005 ; Backendorf et al. , 2008 ) . The physiological impact is dictated by its intracellular localization: apoptin localizes to the nucleus in tumor cells but remains cytosolic in non-transformed cells . Apoptin is also induced by infection with tumor-associated viruses and ultraviolet radiation (Danen -Van Oorschot et al., 1997 ; Zhang et al. , 1999b ) . Apoptin has two domains capable of inducing apoptosis, each independently requiring nuclear localization signals to translocate, and these nuclear localization signals appear to be highly specific for transformed cells (DanenVan Oorschot et al., 2003 ; Poon et al. , 2005 ) . Apoptin is heavily phosphorylated at threonine 108 in tumor cells, with negligible phosphorylation detected in normal cells (Rohn et al. , 2002 ) . It binds to protein partners and DNA (heterochromatin and nucleoli), although the affinity of apoptin for DNA does not functionally contribute to its role in apoptosis (Danen -Van Oorschot et al., 2003 ) . Activation of caspases 3 and 7 and release of mitochondrial cytochrome c execute apoptotic response to apoptin (Burek et al. , 2006 ) . Apoptin also mediates apoptosis by causing DNA damage and interference with ribosomal biosynthesis Guelen et al. , 2004 ; Teodoro et al. , 2004 ) . Intra-tumoral administration of apoptin, alone or in combination with other chemotherapeutics, impairs tumor growth (Pietersen et al. , 1999 ; Maddika et al. , 2006 ; Olijslagers et al. , 2007 ) .
Survivin inhibitors
Survivin is encoded by the BIRC5 gene and is the smallest protein in the IAP family (16 kDa). Pioneering work by Dario Altieri and colleagues established that survivin expression is highly up-regulated during embryogenesis to inhibit caspase function and promote cell survival, but is lost after birth with residual expression in hematolymphoid cells and the colonic epithelium (Adida et al. , 1998 ; Church and Talbot , 2012 ) . Analysis of the transcriptome from a variety of human cancers identified survivin as the fourth most up-regulated gene in cancer relative to normal tissue (Velculescu et al. , 1999 ) . Survivin is required for tumor cell survival and is overexpressed in most solid human cancers, including breast, esophageal, gastric, colorectal, pancreatic, non-small cell lung, ovarian and prostate tumors, as well as in neuroblastoma, gliomas and melanoma (Lladser et al. , 2011 ; Church and Talbot , 2012 ) . Although up-regulation in cancer-associated stroma enhances the potential of survivin inhibitors to impact the entire tumor microenvironment (Velculescu et al. , 1999 ) , the functional redundancy in the regulation of survivin expression still renders this player a ' difficult ' target. Survivin is stimulated by an array of growth factors and cytokines and is down-regulated by (frequently mutated) tumor suppressors (Aoki et al. , 2003 ; Jiang et al. , 2004 ; Wang et al. , 2008 ; Guha et al. , 2009 ) . Survivin is capable of directly binding to and inhibiting the protease ability of caspases 3 and 7 (Tamm et al. , 1998 ) . Apoptosis inhibition by survivin may proceed through molecular intermediates rather than direct caspase inhibition (Banks et al. , 2000 ; Li et al. , 2008 ) . Loss of survivin results in the inhibition of cell proliferation, pushing the cell into a persistent prometaphase state, with chromosomal alignment defects and failure of cytokinesis (Altieri , 2006 ) . Increased survivin is associated with loss of apoptosis, increased survival and enhanced angiogenesis (Kawasaki et al. , 1998 ) , as well as resistance to therapy (Church and Talbot , 2012 ) . Therapeutic targeting of survivin is currently in various clinical trials, including antisense oligonucleotides, vaccination, inhibitors of transcription and immunotherapy (Altieri , 2008 ; Church and Talbot , 2012 ) .
LY2181308 is an antisense oligonucleotide that significantly reduces survivin mRNA, inducing caspase 3 proteolytic activity, cell cycle arrest and inhibition of cytokinesis in human tumor cells (Figure 1) . It also impairs cancer growth in human xenograft tumor models to adjuvant chemotherapy (Carrasco et al. , 2011 ) . The first clinical trials of LY2181308 revealed loss of survivin expression, resulting in restoration of intra-tumoral caspase-mediated apoptosis. Ongoing Phase II trials are pursuing the role of antisense oligonucleotide as adjuvant therapy in treating acute myeloid leukemia (AML), CRPC and non-small cell lung carcinoma (Tanioka et al. , 2011 ) .
SPC3042 is an antisense oligonucleotide that increases stability and binding specificity to survivin transcript. Blocking survivin with SPC3042 induces apoptosis and sensitizes prostate cancer to microtubule-targeting (Hansen et al. , 2008 ) .
YM155 (sepantronium bromide) is an imidazoliumbased small molecular inhibitor of survivin expression. First studied in CRPC cell lines and xenografts, YM155 was highly distributed intra-tumorally and continuous intravenous infusion led to a significant activation of caspases, resulting apoptosis and tumor regression without severe systemic toxicity. At the molecular level, YM155 results in reporter down-regulation of BIRC5 (Nakahara et al. , 2007 ; Murakami et al. , 2013 ) . Phase I clinical trials revealed significant anti-tumor efficacy in a patient cohort with treatment-refractory lymphomas and prostate cancer, with Bcl-2 and survivin serving as independent negative prognostic factors (Tolcher et al. , 2008 ; Satoh et al. , 2009 ) . The promise of therapeutic synergy emerges from evidence that YM155 sensitizes tumor cells to radiation and platinum-based chemotherapeutics by decreasing DNA repair mechanisms and up-regulating caspasedependent apoptosis (Iwasa et al. , 2008 (Iwasa et al. , , 2010 Kumar et al. , 2012 ) . A Phase II clinical trial in advanced non small cell lung cancer revealed modest efficacy in response to YM155 (Giaccone et al. , 2009 ) , while therapeutic synergism between YM155 and taxanes Yamanaka et al. , 2011 ) , rituximab (Kita et al. , 2012 ) and gemcitabine (Yoon et al. , 2012 ) has been established. EM-1421 (terameprocol) is an additional inhibitor of BIRC5 transcriptional activity. EM-1421 induces growth arrest and apoptosis by inhibiting the expression of two Sp1-dependent genes, Cdc2/cyclin B and survivin (Chang et al. , 2004 ) . Furthermore, this compound interferes with human papilloma virus (HPV) genomic expression and may prove efficacious as non-invasive treatment for HPVassociated cervical squamous intraepithelial neoplasia (Khanna et al. , 2007 ) . Studies in hematopoietic malignancies and gliomas support EM-1421 as a promising candidate in clinical trials (Fulciniti et al. , 2011 ; Grossman et al. , 2012 ) .
A splice variant of survivin, survivin-2b, contains an HLA-24-restricted epitope that is recognized by CD8 cytotoxic T-cells (Hirohashi et al. , 2002 ) . Administration of survivin-2b peptide vaccine in patients with colorectal cancer resulted in a reduction of both serum tumor markers and tumor volume (Tsuruma et al. , 2004 ) , supporting the therapeutic impact of survivin targeting. Overexpression of survivin-2b in cancer cells correlates with reduced caspase 3 activity following doxorubicin or radiation (Jacob et al. , 2012 ) . The pro-apoptotic survivin2b splice variant is down-regulated during tumor progression (Andersen et al. , 2006 ) .
Shepheridin is a 9 amino acid peptidomimetic that disrupts the binding interface between Hsp90 and survivin ( Figure 1 ) and increases cancer cell caspase activity (Xiaojiang et al. , 2010 ) . It has a therapeutic effect in glioblastoma and leukemias (Gyurkocza et al. , 2006 ; Siegelin et al. , 2010 ) .
Quinazoline-induced anoikis
Anoikis resistance (a mode of apoptosis upon insufficient cell -cell and cell -extracellular matrix interactions) confers therapeutic failure and metastasis. α 1-Adrenoceptor antagonists are used for the treatment of lower urinary tract symptoms associated with benign prostatic hyperplasia (Lepor , 2007 ) ; the therapeutic effect of α -adrenoceptor antagonists, however, is not limited to smooth muscle relaxation but also to prostate epithelial and stromal cell apoptosis (Kyprianou et al. , 1998 ; Kyprianou and Benning , 2000 ) . This proceeds via anoikis induction, engaging transforming growth factor beta 1 signaling and exerting an anti-tumor effect (Benning and Kyprianou , 2002 ; Keledjian and Kyprianou , 2003 ; Partin et al. , 2003 ) . Pharmacological exploitation of quinazoline structure α 1-antagonists led to novel derivatives that impair vascularity in prostate and renal cancer via caspase-8 mediated anoikis (Garrison et al. , 2007 ; Sakamoto et al. , 2011 ) .
Conclusions
Regulation of apoptosis mediated by caspase expression and activity is critical in maintaining tissue homeostasis, and loss of this control via caspase deregulation promotes aberrant cell survival. Functional exploitation of caspases in the context of reinstating apoptosis mechanism and therapeutic sensitivity centers on tumor caspase-deficient cells, including the human breast carcinoma cell line MCF-7, which express neither caspase 10 (extrinsic pathway) nor the executioner, caspase 3 ( J ä nicke et al., 1998 ; J ä nicke, 2009 ). Small molecule inhibitors act via intrinsic mitochondrial, extrinsic receptor pathways or endoplasmic reticulum stress pathways to elicit therapeutic apoptosis. Induction of caspases can be achieved by demethylating agents and transcriptional activators. Specific patterns of adaptation by tumor cells to the microenvironment can be exploited therapeutically, with more than 50% of tumor-derived mutations impacting the apoptotic machinery (Negrini et al. , 2012 ; Gillies et al. , 2012 ) .
Emerging opportunities driven by powerful bioinformatics and imaging tools will allow for a precise prediction of differential sensitivity of tumors to apoptosis-based therapeutic approaches impairing death signaling effectors. The development of inducers of caspases via direct or indirect activation of the intrinsic or extrinsic apoptotic pathways will impact cancer treatment. Moreover, combination strategies of caspase ' activators ' with IAP inhibitors and death-receptor ligands may sufficiently restore apoptosis and overcome therapeutic resistance and move towards a complete cure.
